The identification of electronic states and the analysis of their evolution with n is key to understanding n-layered ruthenates. To this end, we combine polarization-dependent O 1s x-ray absorption spectroscopy, high-purity Sr n+1 Ru n O 3n+1 (n = 1,2,3) single crystals, and ab initio and many-body calculations. We find that the energy splitting between the empty x 2 − y 2 and 3z 2 − 1 state is considerably smaller than previously suggested and that, remarkably, Sr bands are essential to understanding the spectra. At low energy, we identify the main difference among the materials with a substantial rearrangement of t 2g orbital occupations with increasing n. This rearrangement is controlled by the interplay of Coulomb repulsion, dimensionality, and changes in the t 2g crystal field.
I. INTRODUCTION
The ruthenates of the Ruddlesden-Popper family A n+1 Ru n O 3n+1 (A = Ca and Sr) ( Fig. 1 ) are unique among transition-metal oxides because the change in the number n of RuO 2 layers leads to a variety of collective phenomena: spintriplet chiral superconductivity 3 and Fermi-surface anomalies 4 (n = 1); heavy d-electron masses [5] [6] [7] [8] (n = 1,2); colossal magnetoresistance, 9 proximity to a metamagnetic quantum critical point, and nematic fluid behavior [10] [11] [12] (n = 2); and itinerant ferromagnetism and metamagnetism (n = 3). [13] [14] [15] It is believed that such diversity stems from the interplay of orbital, spin, and lattice degrees of freedom in the partially filled Ru 4d shells (t 4 2g e 0 g ). Understanding how the change in n, which reflects the dimensionality, modifies this interplay is thus crucial to explaining the physics of these ruthenates.
Single-layered (n = 1) systems are regarded as quasitwo-dimensional. The 2 3 -filled t 2g bands split into a wide xy and two narrow xz and yz bands, with bandwidth ratio R = W xz/yz /W xy ∼ 0.5 and occupations n xy , n xz , and n yz . Many-body studies of three-band Hubbard models have shown that a small R, a crystal-field splitting , and a finite Coulomb exchange interaction can have a large impact on the electronic structure, leading in some cases to negative 16 orbital polarization p = n xy − (n xz + n yz )/2 and even to orbital-selective Mott transitions. 17, 18 Infinite-layered (n →∞) systems are three dimensional. By increasing n, the effective dimensionality increases; W xz/yz approaches the xy-band width (R ∼ 1), while, due to the change in both structure and lattice distortions, the crystal-field and the hopping integrals can be strongly modified; different parameter regimes can be reached. Furthermore, for real materials, there are indications that e g states may also affect material properties. 6, 19, 20 The key parameters to determine are thus the crystal-field splittings in the Ru 4d shell, as well as the orbital occupations.
In this work we focus on the Sr n+1 Ru n O 3n+1 series. The recent availability of high-quality Sr 4 Ru 3 O 10 single crystals, combined with comparably pure Sr 3 Ru 2 O 7 and Sr 2 RuO 4 ones, allows us to reveal, for the first time, the evolution of the unoccupied electronic structure in the family. We use polarizationdependent O 1s x-ray-absorption spectroscopy (XAS) and analyze the spectra by means of ab initio and many-body methods. We find that, contrary to previous suggestions, 20, 21 the splitting between e g states is less than 1 eV, while, surprisingly, Sr bands are essential to understanding the spectra. We show that, at low energy, the main difference among the materials is a substantial rearrangement of t 2g orbital occupations. This rearrangement is controlled by the interplay of dimensionality, the t 2g crystal field, and Coulomb repulsion.
II. METHOD
High-quality Sr 1+n Ru n O 3n+1 (n = 1,2,3) single crystals have been grown by the flux-feeding floating-zone technique, with Ru self-flux, 22 while exploiting recent advances in fabrication techniques. [22] [23] [24] The structure and crystalline qualities of the samples were assessed by a high-resolution x-ray diffractometer (Philips, model X ′ Pert MRD), with a Cu Kα source. The x-ray-diffraction pattern taken on cleaved surface of Sr 2 RuO 4 ,S r 3 Ru 2 O 7 , and Sr 4 Ru 3 O 10 crystals, shown in Fig. 2 , confirm the absence of spurious phases. All the diffraction peaks can be identified with the expected (00l) Bragg reflections of the Sr-based Ruddlesden-Popper ruthenates structures. Absorption spectra at the O K edge were measured at the Beamline for Advanced Dichroism (BACH) at Elettra, 25 in the total-electron-yield mode 26 and at T = 115 K. All sample surfaces were prepared in situ by cleaving in a high ultravacuum. The O 1s XAS spectra for the three systems were acquired with fixed photon polarization and an incident angle θ inc varying from 0
• to 70
• . The XAS data were normalized to the beam intensity at 560 eV, which is well above the absorption threshold E 0 ∼ 528 eV. The incoming-photon electric field E has an in-plane component E xy =| E| cos θ inc and an out-of-plane component E z =| E| sin θ inc , parallel to the c axis. Due to the dipole selection rules, the in-plane field induces O 1s → O2 p x/y excitations only, while the outof-plane field induces exclusively O 1s → O2p z transitions. Thus, by changing θ inc , empty states with different symmetries are probed.
In order to identify the electronic states we first compare the experiments with ab initio calculations based on the localdensity approximation (LDA). For Sr 2 RuO 4 and Sr 3 Ru 2 O 7 we compare our LDA bands with published band structures 19, 27 and find good agreement. In the next step we use the downfolding technique based on the Nth-order muffin-tin orbital method to construct material-specific Wannier functions that span the Ru 4d bands; we then obtain hopping integrals and crystal-field splittings. 28 Finally, for relevant cases, from these Wannier functions we build material-dependent t 2g Hubbard models and solve them using the dynamical mean-field theory (DMFT), within the LDA+DMFT approach. 29 We adopt the LDA+DMFT implementation discussed in Ref. 2, which is based on a weak-coupling continuous-time quantum Monte Carlo solver.
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III. RESULTS
The XAS spectra for horizontal polarization are shown in Fig. 3 . There are two main absorption regions: a low-energy one that extends from E 0 to E 1 = 530 eV and a high-energy one from E 1 to E 2 = 536 eV. In the low-energy region, Sr 2 RuO 4 exhibits a double-peak structure (A and B features), which can be ascribed 31 apical (O A ) and planar (O P ) oxygen 1s core levels. The double peak turns into a single peak with a shoulder in Sr 3 Ru 2 O 7 and Sr 4 Ru 3 O 10 . The energy separation between peaks B and C is about 4 eV in Sr 2 RuO 4 and slightly increases to n = 2,3, mainly because the feature C drifts to higher energy. The spectral weight between B and C increases as n grows. In all systems, a progressive spectral weight transfer from the highto the low-energy region is observed by increasing θ inc from 0
• . Finally, for 0
• , peak C is considerably reduced for the bilayered and trilayered materials.
For horizontal polarization, the XAS intensity can be estimated 32 as The cleaved surface is perpendicular to the c axis (Fig. 1) . A, B,and C label the most relevant features. core-energy shifts are ∼0-0.4 eV while the planar ones are ∼0.7-1.1eV . 33 Given the good agreement between LDA results and experiments, we proceed to the identification of the electronic states. We start with the analysis of the low-energy-absorption region. Figure 4 shows that at the absorption threshold (feature A in Sr 2 RuO 4 ) the main contribution comes from O A , while peak B is mainly due to O P . We find that in this energy window O p electrons hybridize mostly with Ru t 2g electrons.
In the case of Sr 2 RuO 4 W xy is considerably larger than W xz/yz ; the ratio R ∼ 0.5. The highest-energy crystal-field Wannier orbital is |xy ;t h e|xz and |yz Wannier states are degenerate and ≡ E xz/yz − E xy ∼−60 meV. The orbital polarization p LDA ∼−0.35. The xz and yz orbitals mostly hybridize with O A x and y and O P z, while xy orbitals hybridize with O P x and y. Thus, for θ inc = 0
• , feature A mainly originates from the xz and yz bands, while peak B comes from the xy band. With increasing θ inc the contribution of ρ x + ρ y decreases, while that from ρ z increases. Thus peak A progressively decreases, while peak B changes its character from xy to xz/yz. This assignment is in agreement with previous works. 20, 21, 31 The ratio I (70 • ,ω)/I (0 • ,ω)i ss m a l l for peak A because the contribution from O A z states is tiny; however, the ratio is ∼ 2-3 for peak B because xy and xz + yz states couple to the same number of O P states and R ∼ 0.5.
In the case of Sr 3 Ru 2 O 7 and Sr 4 Ru 3 O 10 , due to the large spread in core-energy shifts, peak A splits and appears only as a shoulder of peak B, while, in the latter, the xz/yz and xy features partially overlap even for θ inc = 0
• . This leads to a line-shape modification of peak B and, for Sr 4 Ru 3 O 10 , an energy shift of the maximum of ∼0.4 eV with increasing θ inc from 0
• to 70 • (Fig. 3) . W xz/yz rapidly increases and the Our results show that at low energy the most significant difference among the three systems is the rearrangement of t 2g orbital occupations. We find that this rearrangement stems from the interplay between the dimensionality and the t 2g crystal field and it is associated with a change in the position of the Fermi level ε F in the density of states (DOSs) (Fig. 4) . At 2 3 filling, a small ratio R (n = 1) favors the occupation of the xz and yz states (p<0), while a large positive favors the occupation of the xy states (p>0) (Ref. 2) and eventually pushes the xy-band van Hove singularity (ε xy vHS ) to the left of ε F .F o rn →∞, in the absence of distortions, R → 1, p → 0, and ε F → ε xy vHS ; the effects of the crystal field and distortions, however, become progressively stronger. In Sr 2 RuO 4 , ∼−60 meV; a positive ∼ 60 meV would yield a small p ∼ 0.1, ε F ∼ ε xy vHS , and ρ xz/yz (ε F ) with positive curvature (favorable to metamagnetism 34 ). For n = 2,3w e find that the calculated crystal field already yields a small or positive polarization and ε F ∼ ε xy vHS . Thus, while the actual position of ε F depends on the details, ferromagnetic and (Fig. 4) . The dark gray curves show O P XAS (with a 1. metamagnetic instabilities appear to be more likely with an increasing number of layers n.
Electronic-correlation effects can modify orbital occupations. 35 To evaluate such effects we perform many-body LDA+DMFT calculations for the three-band Hubbard models constructed from the t 2g Wannier functions. We take as parameters U = 3.1 eV and J = 0.7 eV, in line with theoretical estimates. 2, 36 We find that p is somewhat smaller than in the LDA: At 290 K, p DMFT ∼−0.11 for Sr 2 RuO 4 and p DMFT ∼ 0 for Sr 3 Ru 2 O 7 . Thus, due to many-body effects, holes are partially transferred from the xy bands to the xz and yz bands; 16 however, down to 290 K the trend remains the same as in the LDA.
Let us now analyze the high-energy-absorption region. For Sr 2 RuO 4 , the Ru and Sr contributions to the XAS are shown in Fig. 5 . We find that e g holes contribute right below 530 eV and extend to the full high-energy sector. The t 2g -e g crystalfield splitting is about 3.4-3.5 eV in all materials, in line with previous estimates, 20 (Fig. 5) . By increasing the number of RuO 2 layers the 3z 2 − 1 band becomes broader, so that its contribution spreads to a larger-energy window. Ru x 2 − y 2 bands contribute the most, for all three materials, between 530 and 535 eV, through coupling to O P x and y.The coupling to apical O z states is small (but not zero) around 532 eV, in line with previous suggestions. 20 Sr states also hybridize with O p orbitals. Remarkably, they start to be relevant at 531 eV, as Fig. 5 shows. In Sr 2 RuO 4 ,Srxz and yz strongly contribute to peak C, mainly through hybridization with x and y of the neighboring O A along c (Fig. 5, top left) ; this leads to a revision of previous interpretations, 20, 21 which ascribed peak C onlytoRux 2 − y 2 states. When n increases the Sr contribution decreases, as only atoms in the external layers couple to apical x and y.
IV. CONCLUSION
In conclusion, by combining XAS with ab initio and many-body calculations, we understand basic aspects of the electronic structure of the Sr n+1 Ru n O 3n+1 series. We found that the splitting within e g states is less than 1 eV, similarly to 3d transition-metal oxides, and, surprisingly, Sr d bands are crucial to understanding the XAS spectra. These conclusions are likely to apply to all Sr and Ca layered 4d perovskites of the Ruddlesden-Popper family. Finally, we have shown that, due to the interplay among dimensionality, the t 2g crystal field, and Coulomb repulsion, there is a substantial rearrangement of the t 2g orbital occupation in the series. This reflects a shift in the position of the van Hove singularities close to the Fermi level, which could explain 19, 34 the increased tendency to ferromagnetism and metamagnetism for n = 2,3 and could be the root 8, 34 of the diversity of behaviors in the family.
